The preterm brain is susceptible to changes in blood flow. Using power Doppler images, digital imaging techniques have been developed to measure the total amount of blood flow in a defined area, giving the index: fractional moving blood volume (FMBV). The aim of this study was to investigate temporal changes in basal ganglia perfusion during the transitional period after birth. Methods: Twenty-four preterm infants were examined with serial cranial ultrasounds at four time points during the first 48 h of life. FMBV was calculated using power Doppler images at each time point. results: All infants had analyzable data and FMBV was successfully calculated at all time points. Twenty-three of the 24 infants had an increasing trend in FMBV over time. The median FMBV increased from 17% at 6 h to 25% at 48 h. Oneway repeated measures ANOVA showed a significant increase in values at P < 0.001 at each of the four time points. conclusion: We have demonstrated changes in basal ganglia blood flow as the cerebral circulation adapts to extrauterine life. With further investigation, this technique may be useful in the assessment of preterm circulatory adaptation, either alone or in conjunction with other modes of evaluating cerebral blood flow.
t he preterm brain is prone to changes in blood flow due to poor cerebrovascular autoregulation (1, 2) . This is a wellestablished phenomenon that leads to fluctuations in cerebral blood flow with potentially devastating consequences for the developing brain (3) . The immediate newborn period is therefore a vulnerable time for the preterm infant as surrogate markers of cerebral blood flow suggest that this is a period during which cerebral blood flow is variable and changing (4, 5) . Low cerebral blood flow in early neonatal life has been shown to be an independent risk factor for intraventricular hemorrhage (IVH) and is associated with increased mortality and morbidity in preterm infants (6) (7) (8) .
Direct measurement of regional cerebral blood flow and perfusion may provide important insights into the contributory factors leading to brain injury. One such novel technique of assessing regional cerebral perfusion in the neonate is to use the index: fractional moving blood volume (FMBV). Using Power Doppler ultrasound images, digital imaging techniques have been developed to measure the total amount of blood flow in a defined area. The measurements are expressed as a standardized index: FMBV (9) . This technique has been validated and shown to correlate well with actual tissue perfusion in flow phantom studies and animal models (10, 11) . Our research team has internally validated this technique in the neonate by demonstrating its reproducibility (12) and we have recently established a reference range for infants beyond the transitional period (13) .
This study forms part of an investigation into the practicalities and clinical utility of this technique, and in this study, we aimed to investigate temporal changes in basal ganglia perfusion in the otherwise well preterm infant during the transitional period after birth. We hypothesized that an increase in regional perfusion would be observed in the first 48 h after birth.
RESULTS
During the study period, a total of 24 preterm infants between 25 to 35 wk gestation were recruited and cranial ultrasounds were performed at 6, 12, 24, and 48 h after birth. None of the infants required inotropic support. Respiratory support varied at each time point from invasive and noninvasive modes of respiratory support to not requiring respiratory support. Germinal matrix IVH was documented on head ultrasound in three infants in this cohort. Bleeding was identified on the first head ultrasound in each of the infants at 6 h and did not progress in each case. No infants were withdrawn from the study. Physiological parameters known to affect cerebral blood flow were recorded where available and were within normal limits. The clinical characteristics of these infants including accepted normal physiological parameters are summarized in Table 1 .
All newborns had analyzable data allowing estimation of basal ganglia perfusion by calculation of FMBV at each time point. The final FMBV was taken as the average of five calculations. Assessment of internal consistency showed an intraclass correlation coefficient of 0.89 (95% CI: 0.85-0.92). The first image from each assessment was reanalyzed by a second observer and showed an intraclass correlation coefficient of 0.97 (95% CI: 0.95-0.98).
Basal Ganglia FMBV
FMBV increased over the first 48 h of life. Median FMBV rose from 17% at 6 h to 25% at 48 h (Figure 1) . Twenty-three of the 24 infants had an increasing trend in FMBV over time. The FMBV increased from the 6 h to the 48 h time point in 22 of the 24 infants. FMBV data was normally distributed at each time point and is summmarized in Table 2 .
There was a significant difference between mean FMBV values at the <0.001 level at the four time points (F(3, 69) = 13.77, P < 0.001). Post-hoc comparison indicated that the mean FMBV at 6 h was significantly lower than the mean FMBV at 24 and 48 h and the mean FMBV at 12 and 24 h were both significantly lower than the mean FMBV at 48 h. The differences between other time points were not significantly different.
DISCUSSION
Despite the importance of cerebral hemodynamics in the preterm infant, particularly during the transitional period shortly after birth, there is no readily available technique that reliably quantifies regional cerebral blood flow or perfusion at the bedside. Diffuse optical spectroscopy, such as near-infrared spectroscopy, offers reliable trend monitoring of global cerebral oxygenation but does not measure potentially important changes in the regional distribution of blood flow (14, 15) . Although superior vena cava blood flow, Doppler assessment of cerebral vessels, and cerebral oxygen saturations all have a sound theoretical basis for correlation with blood flow, these modalities are limited by being unable to directly measure blood flow in regions of interest. The technique FMBV offers a method of evaluating regional power Doppler signals, standardized using an area of 100% blood flow in the same region, to make measurements of regional cerebral blood flow that may be compared between infants.
The estimation of regional perfusion using power Doppler images has the potential to further the understanding of the pathophysiological changes that occur with respect to regional cerebral blood flow in infants at risk of neurological harm. The current understanding of cerebral blood flow during transition is based on assessment modalities that correlate with cerebral blood flow but do not directly measure it. This is the first study to measure blood flow in the brain during transition by directly examining a particular region of interest. By quantifying power Doppler signal using the index: FMBV, we have 
Transitional basal ganglia perfusion
Articles confirmed that there are transitional changes in regions of the brain that we know are vulnerable to injury (16) . We were able to successfully measure FMBV in all newborns at each time point. The accuracy of our image analysis was confirmed with excellent correlation between independent analyzers. There was good internal consistency between FMBV calculations at each assessment point; however, the correlation between values does not appear to be as strong as described in our reproducibility study (12) . It is important to note that the internal consistency in this study reflects the entire image acquisition and analysis sequence whereas our earlier study focuses on the accuracy of image analysis only. The distribution of results at 48 h was reassuringly comparable with our recently established reference range (13) .
The results of this longitudinal study show that basal ganglia perfusion in the preterm infant increased over the first 48 h of life. Given the overall clinical stability of this cohort of infants, it is likely that this transitional change in basal ganglia blood flow is a normal physiological process as the systemic blood flow increases. This is consistent with other studies investigating surrogate markers of cerebral blood flow during the transitional period (4, 17, 18) . This means that central regions of the brain, which are extremely sensitive to alterations in blood flow, follow a similar progression during the transitional period when compared to global cerebral blood flow.
We observed similar increases in basal ganglia perfusion at each time point. Given that the interval between examinations increased at each time point, this suggests that the rate of increase in blood flow per unit time decreased throughout transition. This is also consistent with transitional assessments using other modalities (4, 17, 18) . We noted that gestation did not appear to affect these transitional changes in regional blood flow although our numbers were too small to formally assess this. It is also important to highlight that this was a relatively mature cohort of appropriately grown infants and may not accurately reflect transitional changes in regional blood flow in extreme prematurity. It is possible that being clinically unstable during this period could result in extreme fluctuations in regional blood flow, which would then put the infant at risk of neurological harm.
The gold standard for assessing regional perfusion assessment is the use of labeled microspheres (19), which is not ethically acceptable or appropriate in newborn infants. It is pragmatically difficult to move preterm infants around, particularly in the immediate newborn period, to access modalities such as functional magnetic resonance imaging. In the absence of a similar bedside tool that evaluates regional perfusion, we were not able to externally validate our measurements of perfusion in our study design. Having demonstrated that there is a clear progression of FMBV during transition, it would be intuitive to now compare this technique with other surrogate markers of cerebral flow, such as near-infrared spectroscopy or SVC blood flow, on a larger scale to assess its clinical value.
There are some significant limitations to the quantification of power Doppler signal with respect to any region of interest. Selecting the region of interest accurately requires a high degree of precision as the color signal is sensitive to small changes in probe orientation. Consequently, regions have to be very carefully selected, requiring a well-defined plane of insonation with precise anatomical boundaries. In addition, many regions that would intuitively be of interest, for example, the periventricular region, do not have the detectable power Doppler signal required for a useful regional assessment of blood flow. The basal ganglia is a discrete structure with definable boundaries seen in a standard coronal view through the anterior horns of the lateral ventricles with the middle cerebral arteries in the same plane. Fortunately, the basal ganglia, which is often compromised in sick premature infants (20) , has good power Doppler signal that can be demonstrated reliably using a standard plane of insonation.
In conclusion, we have shown that it is possible to measure FMBV as an estimation of basal ganglia perfusion in the preterm infant during transition. We have demonstrated changes in regional blood flow as the cerebral circulation adapts to extrauterine life. With further investigation, this technique may be useful in the assessment of preterm circulatory adaptation, either alone or in conjunction with more established modes of assessing cerebral blood flow.
METHODS
Between November 2012 and January 2014, a cohort of appropriately grown (10th -90th percentile) preterm infants were recruited opportunistically, based on availability of study personnel and equipment, from the tertiary neonatal intensive care unit at the Royal Hospital for Women, Randwick, Australia. Inclusion criteria for the study were any preterm infant <37 wk gestation who was likely to be an inpatient for at least the first 48 h of life. Infants were excluded if they had a history suggestive of perinatal compromise (e.g., need for cardiac massage or adrenaline during delivery room stabilization, Apgar score <7 at 5 min, cord pH < 7.1). Infants with known congenital anomalies that could affect cerebral blood flow were also excluded. Infants with minor germinal matrix IVH were included in the study. We prespecified that infants with major IVH would have been excluded from the analysis. Any infant who required inotropic support or became clinically too unstable to tolerate an examination would have been withdrawn from the study.
Ethics approval was obtained from the South Eastern Sydney Local Health District (Northern Sector) Human Research Ethics Committee (Reference Number: 11/104). Informed consent was obtained from parents or legal guardians prior to each scan. Ultrasound Imaging All ultrasound imaging was performed using a GE Voluson E8 ultrasound machine (GE Healthcare, Sydney, Australia) equipped with a 4-10 MHz wide band curved array transducer. The power Doppler ultrasound settings used in all examinations were: Quality "norm"; WMF "low1"; PRF "0.3kHz"; PD map "6"; Freq "low"; Smooth rise "10"; Smooth fall "4"; Flow res "mid1"; Line density "7"; Ensemble "11"; L filter "4"; Balance "190". "Sub-noise gain", the maximum Doppler gain level just below the presence of noise or blooming artefact, was used for all examinations (21, 22) . The mechanical and thermal indices were always maintained below 1. A minimum of five consecutive good-quality images without movement artefact were stored digitally on the ultrasound machine's hard drive.
Images of the predefined region of interest within the neonatal brain were acquired through the anterior fontanelle. Specifically, the basal ganglia was imaged in a standard coronal view, bounded by the anterior cerebral artery medially, the middle cerebral artery inferiolaterally, and the lateral ventricle superiorly. All infants were examined with serial cranial ultrasounds during the first 48 h of life.
Power Doppler ultrasound was used to display regional blood flow. The amount of blood flow was quantified using the index FMBV, which involves using a large blood vessel in the area to determine 100% blood flow and evaluating the region of interest against this "maximum" blood flow. Cranial ultrasounds were performed on babies at 6, 12, 24, and 48 h. FMBV was calculated using power Doppler images at each time point.
Exportation of power Doppler images from the ultrasound machine was performed using the "Volume/Raw File" option. This provided a RAW format file, which stored power Doppler and gray scale data in a polar geometry (θ,r). Before FMBV analysis, an algorithm developed in Python (version 2.7.3) using the NumPy (23) and SciPy (24) libraries was used to convert the data to typical Cartesian geometry (x,y) images for user analysis. An application was developed by our group for the conversion of data and subsequent calculation of FMBV, adapted from the original description of the technique (9) . This application is not yet freely available but we are working toward this.
The basal ganglia was identified and labeled using surrounding anatomical landmarks. The cumulative Doppler frequency shift was measured by counting the number and intensity of colour pixels within the region, inferring the number of moving blood cells and thus the total amount of blood flow. The cumulative power distribution function was used as originally described to correct for the effect of rouleaux, which scatter excessive ultrasound signal (11) . Common confounding variables such as attenuation effects, field depth and machine settings are controlled by standardizing to a local value for 100% amplitude within the evaluated image. The standardized maximum value for blood flow was then used to correct regional perfusion measurements and calculate FMBV for the region of interest, the basal ganglia. The mean FMBV from five images was considered to be representative of the regional cerebral perfusion and is conventionally expressed as a percentage.
Statistical Analysis
Statistical analysis was performed using IBM SPSS Statistics 22 software (IBM, Armonk, NY).
The final FMBV is taken as an average of five calculations. The internal consistency was assessed by comparing these five values in all infants at all time points using an ICC. The first image from every assessment was reanalyzed independently by a second observer to ensure the accuracy of the analysis. The correlation between the two observers was assessed using an ICC.
Normality of data was assessed before analysis. One-way repeated measures ANOVA was used to compare FMBV values at each time point and then performed post-hoc comparisons between groups. A P value of <0.05 was considered significant.
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